Hydroxyapatite and carbonate apatites with different carbonate contents were synthesized, mixed with atelocollagen, and made into sponge scaffolds. The scaffolds were implanted into the bone sockets of the femurs of male New Zealand white rabbits for 2, 3, 12 and 24 weeks. carbonate apatite-collagen scaffold with 4.8 wt% carbonate content appeared to have similar crystallinity and chemical composition to human bone. When the scaffolds were implanted into the rabbit femurs, histological observation indicated that the carbonate apatites-collagen scaffolds with relatively higher carbonate contents were gradually deformed throughout the implantation period, and showed uniform surrounding bone after 24 weeks and could not be distinguished. The carbonate apatite-collagen scaffold with 4.8 wt% carbonate content showed the highest bone area ratio of all of the scaffolds. It is suggested that a carbonate apatite-collagen scaffold with carbonate content similar to that of human bone may have optimal bone formation ability.
INTRODUCTION
Large defects and some bone fractures need a longer recovery period and sometimes refuse to heal during the body's natural bone-healing processes. Dental and orthopedic treatments require sufficient bone and therefore interest in bone regeneration is increasing. So far, bone implantation materials such as allogeneic or heterogeneous and/or synthetic biomaterials have been used. Allogeneic bone transplantation, which produces high bone conductivity and inductivity, carries a risk of infection and immunological response. Heteroneneous bone transplantation, which produces high bone conductivity, carries a risk of bovine spongiform encephalopathy (BSE) etc. Conventional synthetic bone biomaterials are relatively poor in bone conductivity. Although autologous bone is widely accepted as the most effective grafting material, the amount of bone that can be collected is limited.
Fortunately, many researchers now believe that bone repair is entering a new era 1) . Tissue engineering has started by erecting scaffolds toward rapid bone regeneration, especially for older patients and areas with low regenerative ability. For the therapeutic use of hard tissue biomaterials, a number of biomaterials have been investigated [2] [3] [4] [5] [6] . In particular, titanium and sintered hydroxyapatite have been used due to their biocompatibility 2, 3, 5) . Last century, sintered ceramics such as calcium phosphates were the most commonly used hard tissue biomaterials from the viewpoint of mechanical strength; however, they are fundamentally less biodegradable and not easy to process. To obtain better handling properties, apatite-collagen/ gelatin composites [7] [8] [9] in addition to various kinds of calcium phosphate cements [10] [11] [12] have been developed. Recently, tissue engineering has been developed. Various kinds of scaffold biomaterials are often used in medical and dental fields.
The selection of biomaterials has appeared to shift towards biodegradable scaffold biomaterials. We have also synthesized carbonate apatite (CO3Ap), which has physicochemical properties similar to bone 7) . CO3Ap was mixed with atelocollagen and was implanted beneath the periosteum cranii of rats. The composites showed good biocompatibility; however, these composites did not have any pores that cells could invade. Many researchers have focused on how cells can grow into scaffold materials and how a 3D cell culture can be established 13) . The CO3Ap-collagen sponges that we developed showed good biocompatibility in animal experiments 14) . μ-CT analysis indicated that 70 wt％ CO3Ap-containing collagen sponge may have suitable porosity of 72.6 ％.
On the other hand, biological bone apatites contain several percents (4~6 wt％) of carbonate in their apatite crystals 15) . Carbonate content significantly affects apatite crystallinity and solubility, and presumably dental caries susceptibility 16) . During the bone metabolism process, osteoclasts dissolve bone apatites with hydrogen ions in closed environments by themselves, as in dental caries 17) . However, the effect of carbonate contents on bone formation has not been examined in detail. Furthermore, cells such as osteoblasts and osteoclasts appear to adapt to the surrounding environment. We speculate that the carbonate content of apatite crystals also affects bone formation and an optimal carbonate content in apatite crystals may exist. Therefore, we examined the effect of carbonate contents on in vivo bone formation using CO3Ap-collagen sponge scaffolds with different carbonate contents, assuming an application to therapeutic use.
MATERIALS AND METHODS

Synthesis of Hydroxyapatite and Carbonate apatites
Five types of apatites synthesized in a previous study 18) were used. Hydroxyapatite (sample name: HA) and carbonate apatites (CO3Aps) with four different carbonate contents (sample names: 0.01CA, 0.03CA, 0.06CA and 0.3CA: each number shows carbonate/phosphate molar ratio in the supplied solution during synthesis) were synthesized at 60±1°C and pH 7.4±0.2.
Detailed chemical compositions analyzed in the previous study 18) were shown in Table 1 .
Preparation of CO3Ap-Collagen Scaffolds 10 ml of 1.0 wt％ of pig hide collagen solution (Nippon Meat Packers. Inc., Tokyo, Japan), treated by the application of enzymes to minimize antigenicity, was neutralized with 0.8 ml of 0.1 N NaOH, and then mixed immediately with 243 mg of hydroxyapatite and CO3Aps of 70 wt％ dry weight. After centrifugation at 1500 rpm for 10 min, excess water was removed, and the mixture was packed into 2.8φmm × 5 mm Teflon molds. The molds were frozen at -80°C for 2 h and dried in a freeze dry machine (EYELA Co. Ltd., Tokyo, Japan) for 24 h. CO3Ap-collagen scaffolds (HA-CS, 0.01CA-CS, 0.03CA-CS, 0.06CA-CS 0.3CA-CS) were subjected to UV radiation for 4 h and placed 10 cm away from a UV lamp (10 W, 253.7 nm) to become insoluble.
Identification by X-ray Diffraction and FT-IR Analysis
X-ray diffraction (XRD) was employed to identify the plate-like CO3Ap-collagen scaffolds and to estimate their degree of crystallinity. Measurements were made on a Shimadzu X-ray diffractometer (DX1, Shimadzu Co. Ltd., Kyoto, Japan) with graphitemonochromatized CuKα radiation at 30 kV and 30 mA in continuous scan mode (4° 2θ/min and 0.5° 2θ/min). FT-IR analysis was carried out with a Shimadzu spectrometer (FT-IR 8400S, Shimadzu Co. Ltd., Kyoto, Japan) by the diffuse reflectance method using CO3Ap-collagen scaffolds (concentration 1 mg/100 mg KBr) with a number of scans, 100.
μ-CT and SEM Observation
Each cylindrical sample of the CO3Ap-collagen scaffolds was set on the sample holder with adhesive tape and measured with an x-ray high-resolution microtomograph, μCT SKYSCAN 1072 (SkyScan Co. Ltd., Belgium) with a detection ability of 2 μm at 80 kV and 100 μA. The microtomograph was reconstructed to a 3D image.
Scanning electron micrographs (SEM) of the CO3Ap-collagen scaffolds were obtained with a HITACHI instrument (S-4300, HITACHI Co. Ltd., Tokyo, Japan).
Animal Experiments
The study protocol of this experiment was approved by The Institutional Animal Study Committee. Five types of scaffolds (HA-CS, 0.01CA-CS, 0.03CA-CS, 0.06CA-CS and 0.3CA-CS) were implanted into the five bone sockets (2.8φ mm × 5 mm) of both femurs of 20 male New Zealand white rabbits (adults, weighing 3.0-3.5 kg) (Fig. 1a) Number of each CO3Ap sample shows carbonate/phosphate molar ratio in the supplied solution during the apatite synthesis. Table 1 Chemical contents of synthesized hydroxyapatite and CO3Aps 18) sample, was observed on X-ray radiography, and then immersed in rapid demineralization solution for 3 days and embedded with paraffin through dehydration with ethanol. The specimens were cut into 5 μm slices and stained by hematoxylin-eosin, and bone formation in the sockets was examined by light microscopy. The bone area ratio was estimated by analyzing the newly formed bone in compact bone area (Fig. 1b) and counting total dot numbers with an image analyzing software (Image J, National Institute of Health, Bethesda, USA). The percentage ratio of the newly formed bone area against the total compact bone area was analyzed statistically by ANOVA.
RESULTS
Properties of CO3Ap-Collagen Scaffolds
The X-ray diffraction patterns of the CO3Ap-collagen scaffolds showed apatitic patterns (Fig. 2) , and were almost identical to CO3Ap crystals, as shown in a previous study 18) . Crystallinity decreased with increasing carbonate content and the CO3Ap-collagen Fig. 1 Photo showing CO3Ap-collagen sponges taken during implantation surgery (a) and procedure of estimation of bone area ratios (b). scaffold with a 4.8 wt％ carbonate content (0.06CA-CS) appeared to have a crystallinity similar to that of human bone, which had been shown in the previous study 18) . The effect of collagen appeared less at a lower angle area (10-20 degrees) because of the amorphous properties of collagen as an organic component. FT-IR analysis indicated that the absorption spectra due to CO3
2-ions at 1410-1450 cm -1 increased with the increasing carbonate content of the CO3Ap-collagen scaffolds (Fig. 3) , corresponding to the increasing carbonate content and slightly decreasing total phosphate content in the chemical contents of CO3Ap (Table 1) . μ-CT analysis showed high porosity similar to that in the previous report 14) , and each scaffold appeared to show a similar sponge structure (Fig.  4a) . SEM observation of CO3Ap-collagen scaffolds showed relatively large and continuous pores with approximately 50-100μm, through which osteoblasts could invade toward the inner bulk (Fig. 4b) .
Histological Observation
After 2-wks implantation of the CO3Ap-collagen scaffolds, immature bone formation was observed in the sockets filled with samples. 0.06CA-CS produced higher bone formation than the other CO3Ap-collagen scaffolds. After 3-wks implantation, accelerated new bone formation was observed in all specimens (Fig .   Fig. 3 FT-IR spectra of HA-and CO3Ap-collagen scaffolds. 5a). The original shapes of 0.06CA-CS and 0.3CA-CS were rapidly desorbed compared with the other CO3Ap-collagen scaffolds. Recovery of the thickness of compact bone was insufficient in all specimens. The control samples with blood clots showed the lowest bone formation. After 12-wks implantation, the morphological features of HA-CS, 0.01CA-CS and 0.03CA-CS remained, while those of 0.06CA-CS and 0.3CA-CS had almost disappeared (Fig. 5b) . After long-term implantation for 24 weeks, 0.06CA-CS and 0.3CA-CS showed uniform surrounding bone and could not be distinguished, although HA-CS and 0.01CA-CS, which had low carbonate contents still partially remained (Fig. 5c ) and were also slightly opaque on X-ray radiography. The area implanted using 0.06CA-CS, which has a carbonate content similar to that of human bone was almost perfectly regenerated. Each center part of the treated compact bone shown in Fig. 5 was expanded (Fig. 6) . At high magnification, suitable recovery of compact bone was observed with 0.06CA-CS after 3-wks implantation (Fig. 6a) . After 12-wks implantation, most of the holes were filled with newly created bone. Osteocytes with lamination were observed in the 0.06CA-CS scaffold (Fig. 6b) . 
Estimated Bone Area Ratio
The estimated bone area ratio of 59.9±9.0 ％ of 0.06CA-CS at 3 weeks showed the highest average value of all of the scaffolds (Fig. 7a) , although statistically great difference was not found. After 12-wks implantation the bone area ratios of all samples were higher than that of the blood clot sample (p<0.05) (Fig. 7b) and higher than the values at 3 weeks. The estimated bone area ratio of 87.9±8.9 ％ of 0.06CA-CS was the highest average value of all of the scaffolds. After 24 weeks the tendency of the estimated bone area ratio depending on carbonate content (Fig. 7c) was similar with 3-and 12-wks implantation, and in fact each value was almost the same as those at 12weeks. The estimated bone area ratio of 85.3±5.1 ％ of 0.06CA-CS was the highest average value of all of the scaffolds. , CO3  2-,  HPO4 2-, F -, and Cl -. These trace elements significantly affect physicochemical properties, such as crystallinity and the solubility of apatites.
In particular, the CO3 2-ion is an essential element in biological apatites and in the human body 15, 19) . Many researchers have reported the susceptibility to caries of CO3 2-ions in apatite crystals. In general, enamellike CO3Aps become more soluble when they have a carbonate content of 1-3 wt％ 16) , and solubility increases dramatically over this range; however, the effect of CO3 2-ions on cell behavior and/or bone metabolism has scarcely been reported. Carbonate ions are closely related to human metabolism. Bicarbonates in blood and body fluids, whose concentration equilibrates with the carbonate content of bone apatites, contribute to the buffer mechanisms present. We can speculate that osteoblasts and osteoclasts may adapt to their surrounding environment, such as the carbonate concentration in solution and bone properties such as the crystallinity and chemical compositions of bone apatites, through daily bone metabolism. Therefore, we believe that for hard tissue biomaterials bone-like CO3Ap is the most suitable and biocompatible.
The animal experiments in this study also indicated that bonelike CO3Ap-collagen scaffold with a 4.8 wt％ carbonate content has a higher bone formation ability. The carbonate content of synthetic CO3Ap, which is similar to that of bone (4-6 wt％) 15) , probably creates suitable metabolic conditions for bone in In histology, the forms of the samples became less clear as the carbonate content increased. After 3-wks implantation, the material form of 0.06CA-CS was a little unclear and that of 0.3CA-CS could not be observed although the bone defect was not fully repaired. This early decomposition and absorption of 0.3CA-CS may be caused by the high carbonate content of CO3Ap crystals and finally resulted in insufficient space maintenance for bone regeneration because of the rapid early decomposition. When carbonate ions replaced the phosphate ion positions in HA crystals, it was reported that the crystal structure quickly became unstable and solubility increased and that the apatite crystals disappeared in a short time 16, 18) . These research findings support those for the groups with higher carbonate contents. On the other hand, the forms of HA-CS, 0.01CA-CS and 0.03CA-CS were observed still after 24 weeks. It is suggested that carbonate content is closely related to the decomposition and absorption of apatite After 3-wks implantation, the bone area ratios of 0.01CA-CS, 0.03CA-CS, and 0.06CA-CS were significantly higher than that of the control, and after longterm observation of 24-wks implantation, 0.06CA-CS was still significantly higher than 0.3CA-CS. It is considered that, in 0.06CA-CS, this is attributable to its space maintenance ability, which is a requirement for a bone graft material, and that as the material is absorbed and decomposed new bone forms in its place. Thus, in all observation periods, 0.06CA-CS showed a higher bone area ratio than the other groups. This suggests that 0.06CA-CS is a bone graft material containing suitable levels of carbonate ions. Additionally 0.06CA-CS has a similar carbonate content to the bone apatite in the human body and so we consider it to be suitable as a biomimetic material.
CONCLUSION
The results of the animal experiment in this study strongly suggested the existence of an optimal carbonate content for bone metabolism. CO3Ap-collagen scaffold biomaterials with a carbonate content similar to that of bone showed higher bone formation ability. Bone metabolism appears to be strongly affected by the physicochemical properties of apatites and in particular their carbonate contents, which are related to the crystallinity and solubility of apatite crystals. Further investigation of the mechanism of carbonate content action in bone formation is in progress. Estimated bone area ratios by calculation of newly formed bone area against total compact bone area after 3-wks (a), 12-wks (b) and 24-wks (c) implantation.
Fig. 8
Time-depending data of estimated bone area ratio of CO3Ap-collagen scaffold, 0.06CA-CS.
